The paper focuses on the assessment of the spectrum of biological activities (antineoplastic, anti-inflammatory, antifungal, and antibacterial) with PASS (Prediction of Activity Spectra for Substances) for the major components of three macrophytes widespread in the Holarctic species of freshwater, emergent macrophyte with floating leaves, Nuphar lutea (L.) Sm., and two species of submergent macrophyte groups, Ceratophyllum demersum L. and Potamogeton obtusifolius (Mert. et Koch), for the discovery of their ecological and pharmacological potential. The predicted probability of anti-inflammatory or antineoplastic activities above 0.8 was observed for twenty compounds. The same compounds were also characterized by high probability of antifungal and antibacterial activity. Six metabolites, namely, hexanal, pentadecanal, tetradecanoic acid, dibutyl phthalate, hexadecanoic acid, and manool, were a part of the major components of all three studied plants, indicating their high ecological significance and a certain universalism in their use by various species of water plants for the implementation of ecological and biochemical functions. This report underlines the role of identified compounds not only as important components in regulation of biochemical and metabolic pathways and processes in aquatic ecological systems, but also as potential pharmacological agents in the fight against different diseases.
Introduction
Natural products have been used in folk medicine for many thousand years due to their biological origin, better ADME/TOX (absorption, distribution, metabolism, and excretion/toxicity) characteristics, and high chemical diversity. The importance, effectiveness, and prospects of herbal products use in medicine as antimicrobial agents are described in detail in [1] .
Plants from terrestrial habitats have attracted substantial attention in bioprospecting investigations aimed at new bioactive compounds and drug discovery. The significance of available databases of medicinal plants and chemo-and bioinformatics tools for in silico drug discovery beyond the traditional use of folk Indian Medicine has been given adequate consideration in [2] .
By contrast, the importance of freshwater macrophytes in this aspect has often been overlooked [3] . However, the existing evidence favors the view that naturally occurring compounds from aquatic ecosystems are of particular interest since many of them display important biological activities and possess antitumor, antibacterial, antimicrobial, antifouling, antifungal, pesticidal, phototoxic, HIV-inhibitory, and immunosuppressive properties [4] .
Many of low molecular weight volatile organic compounds (VOCs) synthesized by aquatic plants are biologically active compounds and play a very important role in various processes that take place in aquatic ecosystems and influence the composition and development of aquatic biocenoses, actually structuring the environment [5] . However, they tend to remain undervalued biological resources. In particular, this underestimation is associated with very little information on VOCs of most species of aquatic macrophytes.
At present the component (chemical) composition of essential oils extracted from several species of aquatic macrophytes growing on the territory of Russia has been identified, and constituent patterns related to biosynthesis of VOCs in freshwater ecosystems have been revealed [6] . Recently close attention has been paid to freshwater macrophytes as they can be a source of anticancer and antioxidative natural products [3] .
Currently, the number of identified VOCs in aquatic macrophytes exceeds several hundred compounds. They all merit attention in terms of evaluation of their biological activity. However, to begin with, it is advisable to identify the types of biological activity in the major components (>0.5% by the content of essential oil) of the whole spectrum of VOCs.
Secondary metabolites of aquatic macrophytes that have been identified can be characterized by a multiplicity of biological effects that are really difficult to discover and verify experimentally. At the same time, the identification of their biological activity by the SAR method, that is, predicting characteristics of the biological activity of the structures of chemical compounds [7] , enables the further experimental study of substances identified in the natural primary products for medical, pharmacological, biological, or environmental purposes.
Method QSAR has shown its effectiveness in assessing the potential role of bioactive compounds in the aquatic environment in cases when other methods of studies were impossible or difficult [8] . Moreover, the combination of predictive bioactivities (QSAR methodology) with experimental data provides a most preliminary scientific approach allowing for expediently taking into consideration those compounds that require attention because of their particular values or prospects [9] .
Prediction of Activity Spectra for Substances (PASS) (http://www.way2drug.com/) is software for the creation of SAR models based on MNA descriptors and modified Bayesian algorithm. PASS approach can be applied to socalled "drug-like" substances. It predicts several thousand types of biological activity, including pharmacological effects, mechanisms of action, toxic and adverse effects, interaction with metabolic enzymes and transporters, and the influence on gene expression [7] . PASS training set contains about 1 million compounds collected over many years from various publicly available sources and from commercially available sources. The knowledge base SAR Base is created in the process of training using PASS training set. SAR Base includes a biological activities dictionary and MNA descriptors dictionary, data and knowledge on the "structure-biological activity" relationships, and the database of structure of compounds from the training set with their biological activity spectra [7] . The structure of the compound is represented as a set of MNA descriptors. The results of the PASS procedure are output as a list of the differences between the probabilities, for each biological activity, of the compound to be active ( ) or to be inactive ( ). PASS does not predict if the compound will become a drug but helps to select the most prospective leads. The accuracy of PASS prediction for any type of activity is rather satisfactory when the number of compounds in the training set having the very kind of activity is more than 5 [7] .
The use of in silico methods for drug discovery in natural products has increased during the previous decade [10] . The appearance of new chemo-and bioinformatics methods along with a growing range of OMICs data and the data on phytochemical structures has opened vast perspectives in the study of the pharmacological activity of plant preparations. This paper focuses on the assessment of the spectrum of biological activities with PASS for the major components of three macrophytes widespread in the Holarctic: emergent macrophyte with floating leaves, Nuphar lutea (L.) Sm., and two species of submergent macrophyte group, Ceratophyllum demersum L. and Potamogeton obtusifolius (Mert. et Koch).
In this regard, the purpose of the present study was to forecast the spectrum of biological activities with the QSAR method for the identified major components of the essential oil of N. lutea, C. demersum, and P. obtusifolius and to identify promising compounds for further experimental research designed for medical, pharmaceutical, cosmetic, and environmental purposes.
Out of the estimated spectrum of biological activity (>250), special attention in this paper is given to the results of predicting the probability of antineoplastic, anti-inflammatory, antifungal, and antibacterial activities of metabolites of the studied plant species that allows evaluating the prospects of using the identified VOCs, particularly, in medicine, pharmacology, and environmental biotechnology. Sampled plants were washed free of debris and air-dried in a closed and darkened room without direct sunlight. Before distillation, the dried plant material was ground to a powder in a Waring BB 25ES blender (Waring, United States).
Material and Methods

Isolation of Oils.
Air-dried plants (15-40 g) were placed in a round-bottomed flask and steam-distilled with Clevenger apparatus [11] . Hydrodistillation was carried out for 8 hours. The essential oil samples were extracted with hexane. The extracts were stored in a freezing chamber (−18 ∘ C) prior to GC-MS analyses.
GC-MS Analysis.
The composition of VOCs was analyzed in the hexane extracts using a TRACE DSQ II gas chromatography-mass spectrometer (Thermo Electron Corporation) equipped with a quadrupole mass analyzer and TRACE TR 5MS GC Column (15 m, 0.25 mmID, and 0.25 Scientifica 3 film). Helium served as a carrier gas. Mass spectra were registered in the scan mode for the whole mass range (30-580 amu) in a programmed temperature regime (oven temperature was held at 35 ∘ C for 3 min and then programmed to increase to 60 ∘ C at a rate of 2 ∘ C/min, was kept constant at 3 min and then programmed to increase to 80 ∘ C at a rate of 2 ∘ C/min, was kept constant at 3 min and then programmed to increase to 120 ∘ C at a rate of 4 ∘ C/min, was kept constant at 3 min and then programmed to increase to 150 ∘ C at a rate of 5 ∘ C/min, and was kept constant at 3 min and then programmed to increase to 240 ∘ C at a rate of 15 ∘ C/min and then held isothermal for 10 min). The discovered VOCs of the essential oils were identified by matching their mass spectra with those from the NIST 2008 and the Wiley mass spectral libraries. The identification of compounds was confirmed by Kovats retention indices obtained from a series of straight chain alkanes (C7-C30). Quantitative analysis was performed with decafluorobenzophenone and benzophenone as internal standards.
PASS Analysis.
In silico predictions were carried out using the retrained version of PASS for 72 VOCs that have been identified as major components of freshwater macrophytes mentioned above. PASS is a software product for the prediction of biological activity spectra for organic compounds on the basis of their structural formula. As input information PASS 2014 Refined used the one on the structural formula of the molecule represented in a file format Molfile (Accelrys, Inc., http://accelrys.com/) (for the same structure) or in a file format SDfile (Accelrys, Inc., http://accelrys.com/) for sampling structures. PASS software estimates the predicted activity spectrum of a compound as probable activity ( ) and probable inactivity ( ). Prediction of this spectrum by PASS is based on SAR analysis of the training set containing about one million compounds showing more than 7000 biological activities.
The PASS approach has been previously described in detail in [7] , and there are also many publications where PASS predictions were confirmed by subsequent synthesis and biological testing [12] [13] [14] .
The training set PASS as "active" compounds are considered compounds having the quantitative characteristics of activity better than 10 −4 M. All the other compounds which are less active or their activity is unknown are considered as "inactive. " The PASS user obtains output information as a list of predicted types of activity with the estimated probability for each type of activity: "to be active" and "to be inactive" . The probabilities and also indicate the estimated probabilities of first-kind and second-kind errors, respectively [7] . Being probabilities, and values vary from 0.000 to 1.000 and, in general, ̸ = = 1, since these probabilities are calculated independently. For > 90%, we risk missing about 90% of actually active compounds but the probability of false-positive predictions is insignificant. For > 80%, we already miss only 80% of the active compounds but the probability of false-positive predictions will be higher, and so forth. Finally, for = , the probabilities of false-positive and false-negative errors will be equal [7] . It should be noted that the probability primarily reflects the similarity of the structure of a given molecule to the structures of molecules of the most typical active compounds in the corresponding subset of the training set. Thus, there is no direct correlation of the values of with quantitative activity characteristics. A really active molecule possessing molecular structure atypical for the training set may have a low value in the prediction, perhaps even < . Another important aspect of interpreting the prediction results is related to novelty of the analyzed compound. If we limit ourselves only to activity types predicted with the highest values of , the compounds selected by the prediction may prove to be analogs of known pharmacological agents. For example, when > 0.7, the chances of finding experimental activity are rather high but the compounds found may be close structural analogs of known drugs. If we select in the range 0.5 < < 0.7, the chances for detecting experimental activity will be lower but the compounds will be less similar to known pharmaceutical agents. For < < 0.5, the chances of detecting experimental activity will be even lower, but if the prediction is confirmed, the compound found may prove a parent compound for a new chemical class for the biological activity examined [7] .
The PASS estimations of biological activity spectra of new compounds are based on the Structure-Activity Relationships data and knowledge base (SAR Base), which accumulates the results of the training set analysis. The in-house developed general PASS training set currently includes more than million known biologically active substances (drugs, drug candidates, leads, and toxic compounds). In the specific version of the PASS (if you are using the same version of the program) calculated values depend only on the formula of test compound. So, the results will be the same regardless of the number of runs. PASS does not perform the pairwise comparisons between the structure of the new compounds and the structure of compounds from the training set and just calculated probability of belonging to the class of "active" and "inactive" compounds, respectively. Therefore, the structure of the "standard agents" can be represented as "generalized image of matter" in space of MNA descriptors. It is, therefore, not possible to present such image to the reader.
Results and Discussion
A total of 72 VOCs classified as major components of the essential oil (>0.5% of the entire spectrum of VOCs) were identified for N. lutea, C. demersum, and P. obtusifolius. In order to predict the biological activity profiles the structural formulas of the test 72 major compounds were presented in the form of SDF-file and then used in the virtual screening based on commercially available software product, PASS 2014 Refined.
Assessment of the probability of biological activity of the identified major components of the essential oils of the studied plants is shown in Table 1 . Only compounds (63 out of 72) for which the values of the probability of the existence of any of the activities exceed 0.4 were included in Table 1 .
Prediction results of activity spectra for test compounds (Table 1) showed that there was high probability of antiinflammatory, antineoplastic, antibacterial, and antifungal activities for these compounds. The number of substances in the training set and accuracy of prediction (%) for pharmacological effects obtained for test components by PASS 2014 Refined are given in Table 2 .
The results, presented in Table 1 , indicate significant prospects for experimental studies of the identified VOCs of aquatic macrophytes. For forty compounds the predictions of some or at least one of the four biological activities were above 0.7 ( Table 1) .
The predicted value of anti-inflammatory or antineoplastic activities with probability above 0.8 was observed for twenty compounds, namely, (2Z,4Z)-hepta-2,4-dienal; 2-phenylacetaldehyde; (3E,5E)-octa-3,5-dien-2-one; 2,6-dimethylcyclohexan-1-ol; geranylacetone; -muurolene; -ionone; -eudesmol; -eudesmol; androstanol; sandaracopimaradiene; biformen; 5 -androstan-16-one; muquketone; rimuen; kaurene; manool; (9Z,12Z)-octadeca-9,12-dienoic acid; 8-(2,5,5,8A-tetramethyl-1,4,4A,5,6,7,8,8A-octahydro-1-naphthalenyl)-6-methyl-5-octen-2-ol; and (22E)-3 -ergosta-14,22-dien-5 -ol acetate. The same compounds were also characterized by high probability of antifungal and antibacterial activity (Table 1) , indicating a potentially high significance of these VOCs in ecological and biochemical interaction of higher aquatic plants with microbial and fungal populations in aquatic ecosystems, as well as high pharmacological potential of these compounds. The obtained data on the environmental importance of major VOCs are consistent with the data available in corresponding literature [6] .
There is little information in literature that discovered that major constituents of aquatic plants possess antineoplastic, anti-inflammatory, antifungal, and antibacterial properties.
For -eudesmol it is the antifungal [15] and antibacterial [16] properties that were described. According to the literature, manool demonstrates different types of biological activities (antioxidant, antimicrobial, and antifungal) that are important in terms of ecological interactions [17] [18] [19] [20] . Furthermore, the other properties (platelet aggregation inhibitory activity, anti-inflammatory activity, and cytostatic activities against human malignant cell strains) are promising for medicine and pharmacology [21, 22] .
Zhu and his coauthors [23] have shown that 2-phenylacetaldehyde exhibited a significant antifungal activity through the inhibition of the mushroom tyrosinase, but it lacked an antibacterial activity. Antibacterial property of -ionone manifests itself in the fact that it inhibits the photosynthetic system of Microcystis aeruginosa [24] . It is reported [25] that good antifungal potential of violet oil mainly against all tested pathogenic fungi can probably be attributed to the high content of -ionone and -ionone for which there are data of the antifungal activity [26] .
According to the results of PASS prediction, hexanol has not showed high antifungal and antibacterial activities (0.45 and 0.33, resp.) (Table 1) . However, the antifungal and antibacterial properties of hexanol are described in [27] .
Flourensia oolepis Blake (Asteraceae) essential oil with high content of muurolene had repellent and toxic effects on Tribolium castaneum Herbst (Coleoptera: Tenebrionidae) adults, acting as a contact toxin [28] . The leaf oil of Lindera strychnifolia (Sieb. and Zucc.) F. Villars (Lauraceae) containing muurolene in abundance showed the strongest cytotoxicity on the cancer cell lines [29] .
As observed in [30] , the sandaracopimaradiene showed a fairly strong activity against the tested Gram-positive bacteria (Bacillus subtilis and Streptococcus pyogenes) as well as a good activity against some Gram-negative bacteria (Proteus vulgaris, Shigella dysenteriae, and Pseudomonas solanacearum). The activity against the tested fungi is less pronounced, except for the yeast [30] .
At the same time it was demonstrated that sandaracopimaradiene and its derivatives, what are known as phytoalexins, are antifungal compounds in the plant families, Leguminosae and Rosaceae, and in rice, Oryza sativa. Phytoalexins play an important role in the resistance of rice plants against fungus Pyricularia oryzae [31] . Also, sandaracopimaradiene is antitrichomonas agent, and it has been isolated from the leaves of Tetradenia riparia [32] .
Six VOCs, namely, hexanal, pentadecanal, tetradecanoic acid, dibutyl phthalate, hexadecanoic acid, and manool (Figure 1) , were a part of the major components of all three studied plants, indicating their high ecological significance and certain universalism in their use by various species of water plants for the implementation of ecological and biochemical functions.
Biological activities of the secondary metabolites of aquatic macrophytes discovered with PASS prediction suggest that some of these above-mentioned compounds seem to be agents involved in chemical defense of plants from pathogens and herbivorous invertebrates and fishes in the same manner as in terrestrial ecosystems [33] .
It was observed that C. demersum comprises the largest number of major components of VOCs (45 out of 63) with the probability of the four types of studied biological activities above 0.4, while N. lutea and P. obtusifolius comprise 15 and 21 components, respectively. This may indicate greater ecological plasticity and activity of C. demersum, for example, in the process of allelopathic interactions in aquatic ecosystems. This fact also makes C. demersum more promising for the search of effective compounds-allelochemicals in the development of biotechnology of regulation and suppression of cyanobacteria with the use of natural algaecides [34] .
The highest value in anti-inflammatory activity (about 0.9) was observed in (3E,5E)-Octa-3,5-dien-2-one; -eudesmol; rimuen; kaurene; and manool and that in antineoplastic activity was observed in -eudesmol; androstanol; sandaracopimaradiene; biformen; 5 -androstan-16-one; rimuen; kaurene; and (22E)-3 -ergosta-14,22-dien-5 -ol acetate.
The results from [35, 36] add considerable support for the statement that 5 -androstan-16-one and similar compounds from aquatic macrophytes can serve as perspective anticancer agents which can inhibit proliferation of cancer cell lines. There are also the immediate and long-term prospects for use of these constitutes as agents against the resistant fungal strains, combined with systemic fungal infections [37] .
As reported in [38] the kaurenes showed activity against the seven cancer cell lines tested, with the highest overall activity being observed for the prostate cancer cells. Because of the biological activities, separate VOCs and the oils from water macrophytes may be proposed as agents in food preservation. This use of the oils was described in [39] .
Based on the results of the PASS prediction previously imperfectly understood types of biological activities (antineoplastic, anti-inflammatory, antifungal, and antibacterial) of freshwater macrophytes can be recommended to the experimental study.
Conclusions
In the course of the research the predicted values of biological activities (antineoplastic, anti-inflammatory, antifungal, and antibacterial) for 72 major components of aquatic macrophytes C. demersum, P. obtusifolius, and N. lutea have been obtained.
These results form the basis for further experimental research of the most promising natural products of the VOCs of aquatic macrophytes for medical, pharmacological, biological, or environmental purposes. Other types of biological activities of the identified major VOCs, promising for environmental or pharmacological purposes, should also be evaluated; and experimental evaluation of the biological activities of individual compounds of aquatic vegetation needs to be performed in accordance with the results obtained during the research with the use of the QSAR method.
